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I. INTRODUCTION

The atomic frequency standard most widely used today is the passive 8 7Rb

(rubidium) gas cell frequency standard. However, studies have demonstrated

that the frequency of this standard can display a strong dependence on the

microwave power density or, equivalently, on microwave field intensity, within

the resonance cavity.1,2 Consequently, it is desirable to have simple and

easily applied techniques capable of measuring not only average field

strengths but also the field distributions within the microwave cavity. In

this report a new technique, based on adiabatic rapid passage (ARP) between

the two ground-state Rb hyperfine levels, is used to measure microwave field

strengths within the 8 7 Rb microwave cavity.

The measurement of microwave field strengths within the resonance

cavities of Rb frequency standards is a more difficult task than might at

first be anticipated. Direct measurement using various probe devices is

precluded because of the glass Rb storage cell in the cavity. Furthermore,

typical power reflection measurements 3 can only be performed in standards in

which the 6.834-GHz Rb resonance frequency Is supplied directly to the

cavity.4 The power reflection coefficient and resonance Q determined by this

technique, along with a knowledge of the 6.834-GHz microwave power supplied to

the cavity, can yield the microwave field distribution in the cavity.

Other commercial configurations of the Rb standard, however, do not

supply 6.834 GHz directly to the cavity. Rather, these devices have step-

recovery diodes as integral parts of the cavity. 5' 6 These diodes generate the

required resonance frequency as a harmonic of the rf frequency supplied to

them. In this common configuration the reflectance technique is then also not

applicable.

Attractive alternatives to the traditional mans of measuring microwave

field strengths may be based on coherent techniques that directly measure the

microwave Rabi frequencies of Rb atoms within the resonance cavity. The Rabi

frequency, once determined, may be related directly to the strength of the

microwave field. 7 We have found Rb ARP to be a very effective mans of

measuring the microwave Rabi frequency.

5
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II. FIELD STRENGTH MEASUREMENTS VIA ADIABATIC RAPID PASSAGE

ARP is a coherent transient phenomenon resulting in population reversal

between two atomic or molecular levels as an electromagnetic field's frequency

is swept across their resonance frequency. 7- 9 For this phenomenon to occur,

the frequency sweep rate is required to be "rapid" with respect to the relaxa-

tion processes occurring in the system, and at the same time slow enough so

that the system can follow the frequency sweep "adiabatically." Previously,

we have investigated ARP both experimentally and theoretically in the 8 7Rb

hyperfine transition. 10 For this system, optical pumping, typically supplied

by a diode laser, produces a population imbalance in the ground-state

hyperfine levels; the influence of a microwave frequency swept across the

hyperfine resonance is monitored by the transmitted intensity of the optical

pumping radiation.

As would be expected, the degree of population inversion depends on the

microwave field sweep rate. The theoretical analyses of ARP in this system

yielded an interesting relation between the sweep producing the maximum degree

of population reversal 0m' and the microwave Rabi frequency w

2~-

2 - 1.50 (1)

The expression was found to be accurate to better than 10% over the range of

Rabi frequencies normally encountered in clock operation.

The Rb clock transition occurs between the (F - 2, mF - 0) and the

(F - 1, mF - 0) ground-state hyperfine levels. This is a magnetic dipole

transition stimulated by the z component of the magnetic portion of the

electromagnetic field within the microwave cavity, Bz . Consequently, the Rabi

frequency may be written as

to 1 h (2)

with V. the Bohr agneton and h Planck's constant divided by 2w.

7



Taken together, Eqs. (1) and (2) provide a means of extracting the

absolute value of the z component of the magnetic field within the cavity from

ARP results. Since the mode in which the cavity oscillates is typically

known, the z component of magnetic field specifies the remaining magnetic and

electric field components, along with energy density. Typically, the optical

pumping light probes regions of varying field strength. A question, however,

arises as to how the field extracted by the ARP technique is affected by the

distribution of field strength within the optically probed volume. Is an

average field strength obtained, or perhaps a field strength more representa-

tive of the maximum value within the probed volume? This point is discussed

subsequently.

8
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III. EXPERIMENTAL PROCEDURE

The apparatus used to apply the ARP technique is shown in Fig. 1. A

single-mode diode laser, Mitsubishi ML-4101, tuned to one of the DI hyperfine

resonance lines at 794.7 rim, was used to pump atoms optically from the 52S1/2

(F - 2) Zeeman manifold into the 52Si/ 2 (F - 1) Zeeman manifold. The Doppler-

broadened absorption linewidth (-500 MHz) was greater than both the laser

linewidth (-100 MHz) and the Zeeman splitting ((700 kHz). Thus optical

pumping occurred from all Zeeman sublevels of the F - 2 hyperfine state.

The transmitted intensity of the laser through the Rb vapor was used to

determine the density of atoms in the F - 2 level; in steady-state, in the

absence of the microwave field, this intensity is a maximum. By sweeping a

microwave field across the 0-0 hyperfine transition, atoms in the (F - 1,

mF - 0) state were transferred into the (F - 2, mf - 0) state, and the

resulting change in the transmitted laser intensity was a measure of the

number of atoms transferred. For a fixed microwave field strength, the sweep

rate of the microwave frequency was adjusted so we could observe the largest

change in the transmitted light intensity. Thus, we were able to measure the

sweep rate that maximized the population reversal as a function of microwave

field strength or, equivalently, the microwave Rabi frequency.

In the first experiments a Corning 7070 glass absorption cell that

contained an excess of natural isotopic-abundance Rb metal and 10 Torr of N2

was situated in a TElI1 cylindrical microwave cavity obtained from a

commercial standard (R - 1.3 cm and L - 3.8 cm) and tuned to the 8 7 Rb ground-

state hyperfine transition frequency, 6.834 GHz. The N2 was present in order

to quench the Rb fluorescence, and to act as a buffer to reduce the effect of

collisions with the cell walls. A static magnetic field of a few hundred

milligauss was applied parallel to the cavity axis in order to define the

quantization axis, and to split the Zeeman levels so that only the 0-0

transition was induced by the microwave field. The cavity and cell were

maintained at about 50"C. The diode laser emission was collimated by a short-

focal-length lens to a diameter of -1.5 cm. An aperture allowed the diameter

9
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Fig. 1. Experimental Arrangement for ARP Measurements. For TEO 1 cavity
studies the TEIn cavity, power meter, variable attenuator, and
amplifier are replaced by the TEO1 1 cavity, a 67x frequency
multiplier, and a fixed attenuator.
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-* of the laser beam entering the cavity to be varied from 0.1 cm, used for

probing field strengths in specific regions, to 1.0 cm, filling the entire

cavity entrance port.

The microwave frequency sweep rate was generated by applying a voltage

ramp to a calibrated voltage-controlled crystal oscillator (VCXO) whose output

at -106 MHz was multiplied to the 8 7Rb hyperfine frequency region by a step-

* recovery diode, an integral part of the microwave cavity. The voltage ramp

. amplitude and duration determined the frequency sweep rate of the 6.834-GHz

microwaves, and were adjusted to produce a maximum signal amplitude on the

oscilloscope. In order to guarantee that the measured 8m corresponded to a

single pass through resonance, starting with the system in a steady-state

' condition, the ramp voltage to the VCXO was supplied by a "slave" function

- generator whose output was triggered every 2 sec by a "master" function

generator. Since the experimentally determined pumping and relaxation times

- were on the order of milliseconds, steady-state conditions were attained in

10" the time between each passage. For very weak signals a multichannel

averager (MCA) was used to obtain the ARP signal.

Additional experiments were performed on a TEO,, cavity (R - 2.8 cm and L

= 5.7 cm) containing only 8 7Rb. For these studies the TElI1 cavity, step-

recovery diode, power meter, and variable attenuator were replaced by an

external frequency multiplier that supplied a fixed power level of 6.834-GHz

radiation directly to the TE0 11 cavity. For this cavity it was possible to

compare ARP field strength measurements with field strengths obtained from

reflectance coefficient and cavity Q measurements.

S.1
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IV. RESULTS AND DISCUSSION

A. -IL11 CAVITY STUDIES

The z component of the magnetic field in the TE1I1 cavity follows the

expression

B (z,r,8) - B J1 (1.84 r cos(e) sinrjwz (3)

Cylindrical coordinates are used, with the z axis being collinear with the

cavity axis. J is the Bessel function of order 1, while L and R are the

length and radius, respectively, of the cavity.

As a first measurement, the laser beam was allowed to fill the entire

1-cm-diam entrance port of the cavity. In Fig. 2 the amplitude of the ARP

signal as a function of microwave frequency sweep rate is displayed. 0m was

found to be approximately 1.5 x 106 rad/s 2 . Using Eqs. (1) and (2), we obtain

a value of 1.7 x 10- 4 G for JBzj. Equation (3) indicates that the magnitude

of JBzj will vary significantly over the cavity region probed by the laser

beam. We wished to investigate how this ARP IBz value was affected by the

field variations within the probed region. The laser beam diameter was

* reduced to 0.1 cm and various radial positions were probed. The cavity was

oriented in such a way that Icosel - 1. In Fig. 3, IBz12, which is propor-

tional to 0m, is shown as a function of radial position. The solid curve is

the expected distribution for a TEll I cavity. Because of the reduced beam

size, these data are fairly noisy and their acquisition required the use of

the MCA. The ARP data follow the expected field distribution fairly closely,

except in the central region, where the measured field is larger than

expected. These results show that the Rb atoms are effectively confined to

-relatively small regions of space because of the presence of the nitrogen

buffer, 1 1 , 12 and as far as we know represent the first direct observation of

this effect in a gas cell clock's cavity. Hovever, this localization is not

perfect, as the fact that axial field strength appears not to fall to zero is

believed to be due to a small notional field averaging on the part of the

atoms.

13
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Fig. 2. Plot of ARP Signal Amplitude as a Function of Microwave Frequency
Sweep Rate for the TE111 Cavity. The laser beam diameter was set to
1.0 cm.
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It appears that whereas a small amount of motional field averaging by the

atoms is present, it is not significant, as the mode structure is clearly

defined. Consequently, any field averaging observed is due primarily to the

manner in which the ARP technique samples regions of different field

strength. A simple average of the radial data in Fig. 3, neglecting any e
dependence, yields a field strength approximately equal to that given by the

large-diameter-beam ARP measurement. We know, though, that the ARP measure-

ent was made in a region where Icosei - 1. If indeed the ARP technique made

a simple average, the 8 dependence would require the full-beam ARP value to be

less than the 0-neglected average IBzI value by a lactor of about 2/r. Since

this is not the case, the ARP is found to weight areas of high-field more

* heavily than areas of low-field strength. Specifically, in this case the

* high-field region, where Icosel - 1, has been weighted more heavily than

regions where IcoseI < 1. A reasonable relation between the ARP field

Istrength value and the actual fields within the volume probed by the laser

beam is made, for simplicity, by taking the ARP result as falling between the

average and peak field values, the intermediate value. For the cases

considered here this introduces an uncertainty in absolute accuracy of the ARP

technique of approximately *20%. This is not a problem in terms of

measurement precision, because the averaging for a given cavity-cell

configuration (no matter how it actually occurs) is identical from measurement

to measurement.

B. -l CAVITY STUDIES

As previously discussed, the TE1I1 cavity did not allow comparison of the

ARP field strength measurement with results from an independent measurement

technique. To perform such a comparison, AP measurements were also carried

out on a TE0 1 1-mode cavity to which 6.834-GHz radiation was directly

supplied. This configuration then allowed power reflectance to be measured

and cavity Q to be determined.

The z component of the magnetic field in the TEO,, cavity is given by

(,r,O )  BJ0  .8 sInTL.9
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with Jo the Bessel function of order 0. The TE0 1 1 cavity is attractive to

study because the radial field variation near the axis is small, the principal

field variation being along the cavity axis. With an entrance port diameter

of 1.14 cm and a cell diameter of 5.63 cm, the field decreases only 14% from

the cavity axis to the edge of the entrance port. The ARP technique was

applied to the cavity, fully illuminating the entrance port with the diode

laser. Making use of the ARP averaging approximation discussed previously, we

could relate the raw ARP field strength to the peak value of field within the

cavity, using

B peak (ARP) - 3.3 * 1.1 x 10- 3 G (5)z

The major source of the uncertainty is due to the averaging approximation.

For relative measurements on similar microwave cavities, a 5 to 10Z precision

is attainable.

To insure that the Rb vapor in this cell was optically thin, the

temperature was held at 28"C. The reduction in temperature from the 500C of

the previous measurements was necessary because of the increased length of the

cell and its pure 8 7 Rb content. With an optically thin vapor the laser

intensity is constant throughout the cell, providing uniform optical pumping

in the probed volume. At elevated temperatures, when the vapor is no longer

optically thin, optical pumping occurs more strongly at the front surface of

the cell. This could lead to a preferential weighting of the field in this

region. Consequently, to obtain as accurate an absolute field strength value

as possible, the measurements were made at this low temperature. For relative

field measurements among cavities at the same temperature, this effect would

not be of concern.

Microwave power reflection measurements were also performed on the cavity

containing the Kb storage cell. 3 The cavity Q was found to be approximately

400, and a change in reflected power on and off microwave resonance of I db

was observed. The power reaching the cavity during the ARP measurement was 8

mu; taken with the Q and reflected power, this value allows the calculation of

the stored energy in the cavity.1 3 Additionally, the energy stored in a TE011

cavity may be directly related to the peak value of IBzI14, yielding

17
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Bp e ak (reflectance technique) = 2.4 ± 1.3 x 10- 3 G (6)

Within the uncertainties the two measurements are seen to agree, supporting

the utility of the ARP technique and our field averaging approximation. In

the application of the reflectance technique, the effect of the glass Rb

storage cell on the microwave field distribution has been neglected. Whereas

the storage cell effects may be calculated, an additional complication is then

added to this type of measurement. The ARP technique measures the field

strength directly, thus including any field perturbations induced by the

storage cell.

18
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V. CONCLUSIONS

The ARP technique has been found to be an effective means of measuring

the z component of the magnetic portion of the electromagnetic field within

microwave cavities typically used in Rb clocks. The technique is particularly

valuable in cases where the Rb resonance frequency is not supplied directly to

the cavity. In these cavities rf frequencies are multiplied to the resonance

frequency by means of a step-recovery diode within the cavity, precluding the

use of standard cavity field-measurement techniques. Additionally, the

technique allows actual mapping of the field distribution within the cavity.

Finally, we note that the capabilities of this technique are not limited

exclusively to cavity applications. The technique can be applied to noncavity

situations, e.g. when the microwaves are supplied through a horn.

19
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LABORATORY OPERATIONS

The Laboratory Operations of The Aerospace Corporation is conducting

experimental and theoretical investigations necessary for the evaluation and

application of scientific advances to new military space systems. Versatility

and flexibility have been developed to a high degree by the laboratory person-
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developing space systems. Expertise in the latest scientific developments is

vital to the accomplishment of tasks related to these problems. The labora-
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Aerophysics Laboratory: Launch vehicle and reentry fluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant
chemistry, environmental hazards, trace detection; spacecraft structural
mechanics, contamination, thermal and structural control; high temperature
thermomechanics, gas kinetics and radiation; cw and pulsed laser development
including chemical kinetics, spectroscopy, optical resonators, beam control,
atmospheric propagation, laser effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions, atmo-
spheric optics, light scattering, state-specific chemical reactions and radia-
tion transport in rocket plumes, applied laser spectroscopy, laser chemistry,
laser optoelectronics, solar cell physics, battery electrochemistry, space
vacuum and radiation effects on materials, lubrication and surface phenomena,
thermlonic emission, photosensitive materials and detectors, atomic frequency
standards, and environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence and
microelectronics applications.

Electronics Research Laboratory: Microelectronics, GaAs low noise and
power devices, semiconductor lasers, electromagnetic and optical propagation
phenomena, quantum electronics, laser communications, lidar, and electro-
optics; communication sciences, applied electronics, semiconductor crystal and
device physics, radiometric imaging; millimeter wave, microwave technology,
and RF systems research.

Materials Sciences Laboratory: Development of new materials: metal
matrix composites, polymers, and new forms of carbon; nondestructive evalua-
tion, component failure analysis and reliability; fracture mechanics and
stress corrosion; analysis and evaluation of materials at cryogenic and
elevated temperatures as well as in space and enemy-induced environments.

Space Sciences Laboratory: Nagnetospheric, auroral and cosmic ray phys-
ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and
ionospheric physics, density and composition of the upper atmosphere, remote
sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and
nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space
instrumentation.
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